
Generic matrix multiplication for multi-GPU accelerated
distributed-memory platforms over PaRSEC

Thomas Herault, Yves Robert, George Bosilca and Jack Dongarra

Innovative Computing Laboratory, the University of Tennessee
Ecole Normale Superieure de Lyon

November 18, 2019

!
"#$
%&
'(&
%)"
#*
%+

!"
!#"""
!$"""
!%"""
!&"""
!'""""
!'#"""
!'$"""

#,
-*

$".
/
%'
'01

2(3*".0*&,4501
!" !#" !$" !%" !&"

670'*3

8#9
:*3,$7
;*'-,$+

!"
!#"""
!$"""
!%"""
!&"""
!'""""
!'#"""
!'$"""

!" !#" !$" !%" !&"

#,
-*

$".
/
%'
'01

670'*3

8#9
:*3,$7
;*'-,$+

The Distributed Tasking for Exascale (DTE) project extends the capabilities of ICL’s Parallel Runtime and Execution Controller 

(PaRSEC) project—a generic framework for architecture-aware scheduling and management of microtasks on distributed, 

many-core, heterogeneous architectures. The PaRSEC environment also provides a runtime component for dynamically 

executing tasks on heterogeneous distributed systems along with a productivity toolbox and development framework that 

supports multiple domain-specific languages (DSLs)and extensions and tools for debugging, trace collection, and analysis.
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Let A,B, and C be matrices of real
numbers.
A is of dimension (M,K ), B is
(K ,N), and C is (M,N).
We aim to compute C = C + A · B:

Cij = Cij + ΣK
k=0Aik · Bkj

A, B, and C are tiled in square tiles
of size (t, t).
There are Mt ×Kt tiles in A, Kt ×Nt

tiles in B, and Mt × Nt tiles in C
Mt = dMt e,Nt = dNt e,Kt = dKt e

A C

B

Nt

Kt

Kt

Mt
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A, B, and C are distributed in a 2D
Block Cyclic distribution, with a
process grid of p × q processes.

q = 3

p = 2
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SUMMIT architecture

Oak Ridge National Laboratory
Leadership Computing Facility

9,216 compute nodes

POWER9 22-core CPUs with
512 GB / node
6 Nvidia Tesla V100 GPUs
with 16GB / card

Heavy nodes with many accelerators
per node

3

Summit Node

• 100 Gbps EDR InfiniBand

• 2 Physical Ports

• 4 Virtual Ports
– MLX5_0 MLX5_1 (Socket 0)
– MLX5_2 MLX5_3 (Socket 1)
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InfiniBand”, Christopher Zimmer, Dec. 2018
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PaRSEC: Parallel Runtime Scheduling
and Execution Controller

Innovative Computing
Laboratory

Exascale Computing Project

Task Based, Distributed, Hybrid
Architectures

Domain Specific Languages

Runtime System Manages:

Data Movement between
nodes and between devices
Computing resource
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The Distributed Tasking for Exascale (DTE) project extends the capabilities of ICL’s Parallel Runtime and Execution Controller 

(PaRSEC) project—a generic framework for architecture-aware scheduling and management of microtasks on distributed, 

many-core, heterogeneous architectures. The PaRSEC environment also provides a runtime component for dynamically 

executing tasks on heterogeneous distributed systems along with a productivity toolbox and development framework that 

supports multiple domain-specific languages (DSLs)and extensions and tools for debugging, trace collection, and analysis.
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Parameterized Task Graph

GEMM(m, n, k)

m = 1 .. MT

n = 1 .. NT

k = 1 .. KT

:C(m, n)

RW C <- k==1 ? C(m, n) : C GEMM(m, n, k-1)

-> k==KT ? C(m, n) : C GEMM(m, n, k+1)

READ A <- A(m, k)

READ B <- B(m, k)

BODY [type=CUDA]

cublas_dgemm(CUBLAS_OP_N, CUBLAS_OP_N,

t, t, t, alpha,

A, t, B, t, beta, C, t);

END
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Tiles belonging to A(∗, 0 ≤ k ≤ Kt) are
sent to nodes that need them in sequence

Tiles belonging to B(0 ≤ k ≤ Kt , ∗) are
sent to nodes that need them in sequence

When a process receives a set of tile from
A and B, it updates all the tiles of C that
needs them

Limit the amount of memory needed at
any step

Provides 80% of practical peak on
manycore architectures

k

k
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1 to 16 nodes, 2 x E5-2680v4 + 2 P100
Tiles of 1024× 1024
Square problem (Mt = Nt = Kt)
Problem size from 16k to 65k
Double precision

Fraction of the peak bumps up
when the amount of memory per
node gets under a threshold

⇒ Scheduling is thrashing the GPU
memory

⇒ Performance require a tighter
control of the active set and data
movements
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Node-level Task Distribution

data affinity

owner computes heuristic

2D block cyclic distribution
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GPU-level Task Distribution

Fixed, using PaRSEC memory
advise API

Round-robin assignment of
tile-columns to the different
GPUs

G0G1
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Node-Level Blocking

Active set of GEMMs is defined
locally by a block of coordinate
(x , y , z)

(x , y) defines a block in C , of
local size b × c

(x , z) defines a block in A, of
global size d × bp

(z , y) defines a block in B, of
global size d × cq

Order of progress follows z , then
x and y .

b · p
x = 3

c · q

y = 1d

z = 0

d

z = 0
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Node-Level Blocking

Controls the size of the active
set on GPUs

if z < MAXz :
(x , y , z) −→ (x , y , z + 1)

if z = MAXz ∧ x < MAXx :
(x , y , z) −→ (x + 1, y , 0)

if z = MAXz ∧ x = MAXx :
(x , y , z) −→ (0, y + 1, 0)

b · p
x = 3

c · q

y = 1d

z = 1

d
z = 1
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Machine-level Blocking:

Main RAM is used as a
temporary buffer

Look ahead parameter L: how
many blocks in advance are
loaded

Global Synchronizations prevent
a node to progress more than
this look ahead step blocks
faster than the slowest

Prevent overloading a node
with download request
Control amount of temporary
memory

b · p x = 2

c · q

y = 2d

z = 0

d

z = 0

L = 2

L = 2
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(b, c , d)× (p, q, g) define the number
of active tasks.

Case a) All local tiles of C , and
the required tiles of A and B fit
on the memory of the GPUs

Case c1) All local tiles of C , but
only some of the required tiles of
A and B fit on the memory of
the GPUs

Case c2) No data can remain
stationary

b · p x = 0

c · q

y = 0d

z = 0

dz = 0
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(b, c , d)× (p, q, g) define the number
of active tasks.

Case a) All local tiles of C , and
the required tiles of A and B fit
on the memory of the GPUs

Case c1) All local tiles of C , but
only some of the required tiles of
A and B fit on the memory of
the GPUs

Case c2) No data can remain
stationary

CommGPU =

(a)MtKt
p + KtNt

qG + MtNt
pqG

if MtKt
p + KtNt

qG + bc
G ≤ MemGPU

(b)Nt
cq

MtKt
p + KtNt

qG + MtNt
pqG

if bd + cKt
G + bc

G ≤ MemGPU

(c)Nt
cq

MtKt
p + Mt

bp
KtNt
qG + MtNt

pqG

if bd + cd
G + bc

G ≤ MemGPU
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(b, c , d)× (p, q, g) define the number
of active tasks.
General Strategy:

Select b, c such that

the C active set fills at most
75% of GPU memory
pb divides Mt and cq divides
Nt (best effort)

Select d such that

the C active set plus the
required parts of A and B fits
the GPU memory
d divides Kt (best effort)

b · p

x = 1

c · q

y = 0d

z = 1

d
z = 1
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PaRSEC Device System and PaRSEC
CUDA Device

PaRSEC abstracts computing
resources through devices

The device subsystem has been
rewritten as a modular
framework

The CUDA device has been
rewritten to support

NVLink between GPUs
Persistent objects (to support
CUBLASv2 and cuDnSolver
etc.)

II. RELATED WORK

A. DAG based scheduling and GPU computing

DAGs have a long history [2] of expressing parallelism
and task dependencies in distributed systems. Previously,
they have often been used in grids and peer-to-peer sys-
tems to schedule large grain tasks, mostly from a central
coordinator. [3], [4] present a taxonomy of DAGs that have
been used in grid environments. More recently, in [5], [6]
DAGs are used to describe tile linear algebra algorithms
on multicore CPUs. [7] presents the MAGMA project that
leverages a similar approach for linear algebra on GPUs.
[8] defines codelets, a task description language, to enable
the execution of the same operation on different hardware.
[9], [10] then demonstrates how micro-tasks scheduling can
mix shared-memory cores and accelerators. Compared to
our proposition, these approaches do not tackle the issue
of executing on distributed memory hardware.

B. GPU computing on distributed systems

GPUs have also been used in distributed systems, outside
DAG based approaches. [11] accelerated the LINPACK
benchmark on heterogeneous clusters by providing hybrid
kernels (to be executed simultaneously on both GPU and
CPU cores) for the DGEMM and DTRSM routines. In [12],
the authors explain how some computations of a large scale
bag-of-task peer-to-peer system have been ported to GPU.
Closer to the linear algebra community, [13] uses GPUs to
execute critical kernels in a parallel application, in a more
classical SPMD fashion. These approaches can successfully
extract performance, but require tailored engineering. One
of the contributions of the present paper is to demonstrate
the excellent performance level and lower engineering cost
of DAG based approaches for harnessing the power of
GPU accelerated nodes in distributed systems. Most of the
complexity and tuning of the heterogeneous hardware, and
moving data back and forth between nodes and accelerators,
is hidden inside the DAGuE runtime, while the same GPU
kernels developed for MAGMA (or simply CUBLAS) can
be used directly.

III. SUPPORT FOR GPUS IN THE DAGUE FRAMEWORK

A. The DAGuE Project and Goals

DAGuE stands for Directed Acyclic Graph unified En-
vironment. The goal of this framework is to relieve the
developer from the burden of fine tuning its application to
the intricate system-centric issues of current heterogeneous
HPC architectures, such as explicit communication, overlap-
ping communications with computations, mutual exclusion
and synchronizations, load balance, cache reuse and mem-
ory locality on NUMA hardware. One missing feature in
DAGuE, toward this unification goal, was to automatically
use accelerators, when available.

CPU

GPU

core0

core1

stream0

stream1

TaTb Ta

Ta

Tb TbS S S S

S GPU Ta

Tb

TbTb TbTb

Tb Tb

Tb

Tb

in in

out

out

outTb

Figure 1. Schematic (not to scale) DAGuE execution, on a GPU enabled
system; kernels Ta and Tb alternate with scheduling actions (S) and in/out
GPU asynchronous memory accesses.

To achieve these ambitious goals, the DAGuE project
includes a runtime library and several development tools to
help with building and analyzing DAGs of micro-tasks. The
DAGuE Runtime takes a symbolic and concise representa-
tion of a DAG of tasks, built by the DAGuE framework
from different possible input languages (for more details,
please refer to [1]). For regular algorithms, like the Cholesky
Factorization, developers can use a SMPSS-like representa-
tion [14], very close to the algorithm description of Figure 2,
automatically translated into the intermediate Job Data Flow
(JDF) representation. In this format, the algorithm is divided
into two parts, the depiction of the dependencies introduces
by the flowing of data from task to task, and the sequential
computing bodies that are to be applied to data. In this
work, the first part is left unchanged, the programmer just
needs to add GPU code to the second part. The proposed
approach have to retain the core properties of DAGuE: a
symbolic representation of the dependencies that can be
evaluated in a problem-size independent and distributed way,
implicit communications based on the static data distribution
provided by the application, and dynamic scheduling and
load balancing inside the computing nodes, with a scheduler
that takes care of data consistency and cache reuse internally.

B. Scheduler Triggers for GPU management

In order to retain most of the automatic features of
DAGuE regarding scheduling and data management, most of
the GPU handling must be integrated deep inside the DAGuE
scheduler. In the DAGuE runtime, each thread alternates
between the execution of kernels and running the lightweight
scheduler (see Figure 1). When some tasks needs to be
executed on a GPU, the new Hybrid scheduler switches the
thread into GPU support mode. From this point on, this
thread orchestrates the submission of tasks for this GPU,
and remains in this mode until this GPU has no more
work to process. As a consequence, each GPU effectively
subtracts a CPU core from the available computing power
as soon as (and only if) it is processing. Because the typical
compute time of a GPU kernel is tenfold smaller than a
CPU one, should all CPU cores be processing, the GPU
controls would be delayed to the point of, in average, make

396

data_t

data_copy_t data_copy_t data_copy_t

data_copy_t

Version n

Version n’<n

RAM GPU0 GPU1

NVLink
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All Experiments run on Summit
(OLCF-4, 9,216 POWER9 22-core
CPUs 27,648 Nvidia Tesla V100
GPUs)
PaRSEC Commit e22800d
(https://bitbucket.org/icldistcomp/parsec/)
XLC 16.1.1-2, CUDA 9.2.148,
Spectrum MPI 10.3.0.0
Double Precision GEMM
All figures show a tuck box plot of 10
measurements
Variability is too low to show on most
figures
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Single Node Tuning
t ∈ [256, 1536],M = K = N =
td70,000

t e
1-3 GPUs: no matrix is stationary
4-6 GPUs: C is statonary

Strong scaling above 90%
efficiency at 1-3 GPUs

NUMA & Bus sharing effects for
4-6 GPUs

Minimal Tile Size with Optimal
performance: 1024
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PaRSEC profiling tools ⇒ measure #
tiles loaded on each GPU, from RAM
(H2D) and from another GPU (D2D)
Compare with CommGPU for all runs
(single node and distributed)

Overall bus activity consistent
with analysis

About 50% of memory requests
are served D2D

Independent of deployment case,
and distributed or shared
memory run
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Problem and node scaling in
distributed
2 Processes/Node: 3 GPU/process
(best performance)

Up to 108 GPUs (36 proc., 18
nodes), peak reached with
constant look ahead

When the node scale grows, the
look ahead needs to be increased
to maintain performance

Preserve high performance
despite memory constraints
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distributed
2 Processes/Node: 3 GPU/process
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Conclusion and Future Work

Summary

Multi-level Blocked Parameterized GEMM targetting parallel machine with multiple
GPU/node over PaRSEC

3 blocking parameters, 1 look ahead parameter

Selection of parameters is driven by memory capacity of the GPUs

Sustained performance at scale, even when running over the GPU memory capacity

Future Work

Irregular Dense Tiling

Irregular Block-Sparse Tiling

Irregular Tiling with Low-Rank Representation of Block-Sparse Tiles

Integrate Memory Constraints in GPU Scheduling of the PaRSEC CUDA Device
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